Abstract. Among animal constructions, the orb webs of spiders are perfect geometrical architectural models. Webs are constructed by means of a succession of behaviours, which are often considered as instinctive and stereotyped. Anomalies in web structure are considered to be a consequence of variability in behaviour. In order to assess the variability in web structure, the spider Zygiella x-notata was allowed to build webs in the laboratory under standardized conditions. Webs (n = 127) were examined for anomalies, which were defined as modifications in the geometrical structure. Ten anomalies in the structure of webs produced by females, aged from 16 to 21 days after their adult moult, are described. The frequency of anomalies per web varies from 5 to 98. A very low percentage of the spiral elements of a web (less than 5%) were affected. Anomalies in the radii were less numerous (mean = 3 ± 3) than those in the sticky spiral (mean = 21 ± 11). Anomalies in the sticky spiral were different and more frequent in the peripheral than central parts of the webs. They were also relatively more numerous in the upper than in the lower part of the webs. Total number of anomalies was positively correlated with particular web characteristics (capture area, length of capture thread, width of the lower part of the web and mean distance between two spiral turns in the lower part) but not to the physical characteristics of the spiders (mass and size). Our results indicate that the orb webs of spiders, which are considered to be perfect geometrical structures, include anomalies mainly in the structure of the sticky spiral. These anomalies were the result of variability in behaviour during web building. In conclusion, their identification and description enable one to use them in spider webs as an index of behavioural variability.
INTRODUCTION
Animal constructions are the result of individual and/or collective activities (Hansell, 2005) . All these constructions are the consequence of behaviour and require a certain level of cognitive complexity (Hansell & Ruxton, 2008) or are self-organized (Stafford et al., 2011) . In general, these constructions result from the use of environmental materials (Hymenoptera and bird nests) and more rarely the species produce the material used for the constructions. These constructions are the result of the interaction between genotype and environment and could be considered as extended phenotypes (Dawkins, 1982; Schaedelin & Taborsky, 2009) .
Of the 40,000 spider species, more than half build a trap, which consists of a silky structure that can intercept and retain prey (Foelix, 2011) . Although there is a great diversity of these constructions, the geometrical webs are structurally regular. However, it is known that, in these webs, there are variations in the establishment of the attachment points, frame and radial threads, which involves modifications of the behavioural sequences such as thread addition and removal (Zschokke, 1996) , but the sticky and the auxiliary spirals, which consist of a succession of lines of silk between two radii, are the result of repetitive behaviours.
The architecture of orb webs is always striking especially their geometrical regularity. The construction of such webs is described as follows: first, the spider fixes silk threads to supports, which constitute the frame in which the web is built. Second, the spider constructs the radii and then an auxiliary spiral, which is built from the centre outwards. Afterwards, the spider deposits a sticky spiral (capture thread) by moving from the periphery towards the centre of the web using the auxiliary spiral as a guide (Foelix, 2011) . The geometry of the orb web is defined by the presence of radii around the hub and by the sticky spiral attached to these radii.
The design of the web is known to vary depending on environmental or internal conditions. Its structure may be affected by gravity (Witt et al., , 1977 Vollrath & Mohren, 1985) , by drugs (Witt & Reed, 1965; Hesselberg & Vollrath, 2004) or a morphological disability (missing or a shorter leg) (Vollrath, 1987; Pasquet et al., 2011) . Moreover, web characteristics vary at the intraspecific and intra-individual levels Heiling & Herberstein, 2000) and are a direct reflection of spider behaviour (Zschokke & Vollrath, 1995; Eberhard & Hesselberg, 2012; Toscani et al., 2012) .
In addition to the information on the variability in the structure of the orb webs, there are detailed descriptions of the building behaviour of the spiders; e.g. during the construction of the sticky spiral, the position of each thread depends on information perceived by the movements of the first pair of legs (L1) (Vollrath, 1987) , and anomalies in web structure are associated with abnormal leg positions (Eberhard & Hesselberg, 2012) . There are several descriptions of stereotyped and repetitive behaviours, which can be translated into simple algorithms (Vollrath, 1992; Vollrath et al., 1997; Krink & Vollrath, 1997) , but if spiders functioned like mathematical models, webs should have a perfect geometry and should vary in structure little at all and, any web defect may be ascribable to behavioural variation during construction (Quesada et al., 2011; Eberhard & Hesselberg, 2012; Toscani et al., 2012) .
Variations in the structures and geometry of the webs are used to quantify the influence of environmental factors such as space constraints (Ades, 1986; Krink & Vollrath, 2000; Barrantes & Eberhard, 2012; , parasite attacks (Eberhard, 2001 (Eberhard, , 2010 Gonzaga et al., 2010) , or physiological factors such as stage of development (Eberhard, 2007 (Eberhard, , 2011 Hesselberg, 2010) . There are other studies that take into account the regularity, irregularity or asymmetry, which result in the web being an imperfect orb Ap Rhisart & Vollrath, 1994; Vollrath et al., 1997; Hesselberg & Vollrath, 2004; Coslovsky & Zschokke, 2009; Nakata & Zschokke, 2010 , Eberhard, 2011 . In such cases, parameters are more linked to the general design of the web than to specific local anomalies, which may result from changes in behaviour during the construction of different parts of the web.
In conclusion, it is known that most of the anomalies in the structure of the web are due to changes in building behaviour. To identify, and describe the different anomalies in web structure, we allowed spiders to construct webs under standardized conditions in the laboratory in order to determine whether the variability in the number and types of anomalies was directly linked to the spider's behaviour. Such information can be used to quantify the variability in building behaviour under natural (pollutant, morphological disabilities, ageing) or experimental (drugs, space) conditions. So in the present paper, our aim is (i) to identify and describe anomalies in the radii and the sticky spiral of webs, (ii) to verify if there are relationships between the numbers of anomalies, characteristics of the webs, and morphological characteristics of the spiders.
MATERIAL AND METHODS

Spider and laboratory conditions
Zygiella x-notata (Clerck), Araneae, Araneidae, is an orbweaving spider abundant in the Paleartic region, which inhabits human constructions. In the north east of France, it reproduces at the end of summer or beginning of autumn and juveniles leave the egg sacs the following spring (Roberts, 1985) . Immature females were collected from their natural environment. Adult moult was recorded in the laboratory by monitoring daily all the spiders and only young adult females were used. It is easy to breed this species in the laboratory under standardized conditions. In the laboratory the spiders were kept in plastic boxes (10 × 7 × 2 cm) (temperature 19°C, light 12 h from 8 a.m. to 8 p.m.), fed with flies (Lucilia caesar) once per week, and supplemented with water. They did not build webs in the boxes.
For web building we used 16 to 21 days old females (mean age = 20 days, SE = 2 days, n = 127). These spiders were placed in wooden frames (50 × 50 × 10 cm) enclosed between two panes of glass, which is a sufficient space for building a web as large as under natural conditions. The spinning of the webs was monitored daily. Only the first web built was used. A total of 127 webs constructed by 127 different spiders were used in the analysis (only 98 spiders were weighted; mean mass = 26.5 mg, SE = 9.4 mg).
Web characteristics
The web of Zygiella x-notata is characterized by a free sector that lacks sticky threads and by a connecting thread between the centre of the web, and the retreat of the spider. The construction of this free sector is a result of the way this species constructs its sticky spiral. Zygiella x-notata reverses its direction of depositing the sticky thread instead of continuing in the same direction when it arrives at the last radius. Orb webs are two-dimensional objects that are easily quantifiable. We used the two parameters defined by Venner et al. (2001) for characterizing webs of Zygiella x-notata: the length of the thread in the sticky spiral (CTL), and the capture area (CA), which is the surface of the web minus the surface of the free sector and the central part of the web that lacks a sticky spiral. We recorded the total number of radii. We used also parameters characterizing the lower part of each web below the hub, which was, for this species, the most important part in terms of capturing prey (Nakata & Zschokke, 2010) . The parameters recorded were the width of the lower sector measured as the distance between the outer and innermost spiral turns, the number of spiral turns in this sector of the webs, and the mean distance between two successive spiral turns calculated by dividing the width of the lower part by the number (minus one) of spiral turns.
Spider characteristics
The mass of spiders was measured before it was placed into the frame (Sartorius, precision balance: 0.1 mg). Spider size was estimated by prosoma width. We recorded also the length of the first leg (L1) on the right side of each spider viewed from above. Leg length was obtained by adding the measurements for the four leg's segments (femur, patella-tibia, metatarsus and tarsus). This method was used because the measurements were done on dead spiders, for which legs could be never totally spread out. We measured the first leg because it is considered to have an important role in the construction and the characteristics of webs (Vollrath, 1987; Krink & Vollrath, 1997) . All size measurements were done using a dissecting stereoscope (×100) (Wild) fitted with a micrometer. Twenty-one spiders were measured.
Web anomalies Description of the anomalies
We defined anomalies as imperfections in a web that occurred during its construction. Anomalies could be in the radii or sticky spiral. The webs produced (about 30%) during this study had few anomalies ( Fig. 1) , however, the aim of the study was the description of the anomalies in webs, such as those shown in Fig. 2 .
Anomalies in radii
A radius was defined as a straight segment between the centre and a frame thread of a web (Fig. 2) . According to this definition, we noted:
Supernumerary radius: It looks like a radius in the orb, which, however, does not originate from the centre of the web, and connects with sticky threads at each end.
Deviated radius: A radius that is not rectilinear but deviates by more than 5° from a rectilinear trajectory starting from the centre of the web.
"Y" shape radius: A radius from the centre that splits into two separate segments that reach the frame threads at two different points.
Anomalies in the sticky spiral
Two successive radii define a sector in a web. In a sector, the spiral is made up of a series of sticky parallel threads (spiral units) attached to the radii. We noted seven anomalies that occurred in the structure in the sticky spiral.
Stop and return ( Fig. 2) : In a sector, two spiral units stop and end at one (triangular ending) or two points (rectangular ending) on a radius and are not on the same level as the spiral units on adjacent spiral turns. A stop and return occurs when the spiral units on either side of it, do not show stop and return on the same radius, which result in differences from the usual definition of returns (Zschokke, 2011) . Hole ( Fig. 2) : In a sector, a hole is defined if at least one spiral unit is absent and framed by at least two spiral units on each side.
Two spiral units stuck together (Fig. 2) : Two consecutive spiral units are stuck together in a sector.
More than two spiral units stuck together (Fig. 2) : Three or more consecutive spiral units are stuck together in a sector.
Discontinuity in the spiral threads ( Fig. 2) : In a sector other than the two adjacent sectors to the free sector, a spiral thread ends on a radius and is framed on either side by two threads that are not connected with it. It looks like spiral units stuck together but there is no contact with spiral units in adjacent sectors.
Non-parallel spiral units ( Fig. 2) : Two spiral units meet at a point on a radius ending triangular and prolonged into the next sector. This could be a special case of the anomaly "two spiral units stuck together". Spiral units that zigzag (Fig. 2) : A spiral goes in opposite direction in at least three consecutive sectors.
Data analysis
For each web, we counted all the anomalies and presented the average number per web for 127 webs. The anomalies were placed in one of two groups: anomalies associated with the radii, which are constructed during the second stage of web construction, and those associated with the sticky spiral, which is constructed during the fourth and final stage of web building (Foelix, 2011) .
Then the distribution of the anomalies in the sticky spiral of a sample of 40 webs chosen at random from among the 127 webs was analyzed. This was done because to take into account all the webs (n = 127) would have been very time-consuming and unlikely to give more statistical information. We counted all the spiral units and anomalies on each web. To determine the number of spiral units, we followed the path used by the spider to lay the sticky spiral using photographs of each web. We compared the number of anomalies in the lower and upper parts of the webs (Fig. 2) : by dividing the webs in two parts based on a line (L) perpendicular to the longest radius (LR) in the lower part of the web that runs tangential to the innermost spiral turn. We counted the number of spiral units and the number of anomalies in each part (Fig. 2) . As the numbers of spiral units were not the same in the upper and lower parts of webs, we expressed the number of anomalies as a percentage of the spiral 495 Fig. 1 . An example of a web with few anomalies produced by a spider from the same population and reared in identical conditions to those that produce webs with anomalies. To compare the number of anomalies in the inner and outer-most spiral turns, each web was divided into two parts: an inner (red colour) and outer part (yellow colour). The anomalies counted in each corresponding area were: D -discontinuities in the spiral threads; H -holes; Np -non-parallel spiral units; SR -stop and return; S2 -two threads stuck together; S3 -more than two threads stuck together; ZZ -spiral units that zigzag. units of each part (% anomalies = number of anomalies/number of spiral units × 100). We compared also, the number of anomalies in the outermost and innermost spiral turns of the whole orb (Fig. 2) . To do that, the number of anomalies in two hundred spiral units of the outer thread and two hundred of the inner thread of the spiral (near the centre of the web) were counted. When a web was small and had less than four hundred spiral units in the sticky spiral, we counted the total number of spiral units and divided it by two. These small webs were included in the analysis, because they made more than 20% of the total number of webs studied and were present in the set of webs chosen at random.
Statistical analysis
For comparing the number of anomalies in the lower and upper parts of the web, the number of anomalies per web was expressed as the number per cm of sticky spiral thread (CTL). We tested for correlations between the number of anomalies per web, other web parameters and spider physical characteristics using a simple parametric linear regression. We tested for allometric relationship between the number of anomalies per web and web size [length of the sticky spiral (CTL) and capture area (CA)] and as an allometric relationship is characterized by a power equation, we looked for a linear correlation between the logarithmic transformation of the number of anomalies and that of CTL or CA. For the analyses of the distribution of anomalies on the sticky spiral we used a two-tailed paired t test.
Tests were done using Statview software 5.0 on a MacIntosh platform. The results were expressed as means and Standard Errors (SE), and the statistical significance was considered for p < 0.05.
RESULTS
Anomalies
A total of 127 webs were analyzed (Table 1 ). The total number of anomalies per web varied from 5 to 98 (mean = 35 ± 1, n = 127) (Fig. 3) . Except for the supernumerary radii that were recorded in only 15% of the webs, the majority of the anomalies (6/10) occurred in more than 80% of the webs (deviating radii, stop and return, holes, two spiral units stuck together, discontinuities in spiral units and spiral units that zigzag, Table 1 ).
Anomalies in radii were less numerous than in the sticky spiral (mean per web for radii = 3.1, SE = 2.7, mean per web for the sticky spiral = 21.4, SE = 11.4, n = 127). Stop and return was the most frequent of the anomalies on the sticky spiral (mean per web = 10.0, SE = 4.8, n = 127). There was a positive relationship between the numbers of anomalies in the radii and the sticky spiral 2.05, df = 39, p = 0.047 and discontinuities: t = 5.05, df = 39, p < 0.001). There was no difference in the distribution of the other anomalies. The comparison of the outer and innermost parts of webs revealed more anomalies in the outer than in the innermost part of the spiral (t-test, t = 5.02, df = 39, p < 0.001). Stop and return, holes and two spiral units stuck together were the most numerous anomalies and were more frequent in the outer part of the sticky spiral (stop and return: t-test, t = 8.04, df = 39, p < 0.0001, holes: t-test, t = 3.99, df = 39, p < 0.001 and two spiral units stuck together: t-test, t = 4.15, df = 39, p < 0.001) whereas there was no difference in the distribution of the other anomalies.
Relationships between the number of anomalies and web parameters
We tested for the existence of an allometric relationship between the logarithm of the number of anomalies and that of the size of the webs using a linear correlation. The number of anomalies per web increased with increase in the size of the CA (R 2 = 0.07, n = 127, F = 10.2, p = 0.002). Also, the longer the sticky spiral (CTL) the greater was the number of anomalies (R 2 = 0.14, n = 127, F = 20.1, p < 0.0001). Thus, the number of anomalies was linked to web size by a power function and increased more rapidly than the size of the web (CA) or the length of the silk thread in the sticky spiral (CTL).
The total number of anomalies was positively correlated with the length and the number of spiral turns in the lower part of webs (length in the lower part of webs: R 
Relationships between the number of anomalies and spider characteristics
There was no relation between the total number of anomalies and the mass of the spiders (total number of anomalies: R 2 = 0.01, n = 98, F = 2.1, N.S.). In addition there was no correlation between the number of anomalies and the parameters used to measure spider size (length of first leg: R 2 = 0.11, n = 21, F = 2.0, N.S., and width of prosoma: R 2 = 0.13, n = 21, F = 2.6, N.S.).
Relationships between types of anomalies, web parameters and spider characteristics
Simple linear regression between numbers of anomalies, web parameters and spider characteristics revealed no significant relations except for stop and return, which was correlated positively with all web characteristics measured (CA: R The number of stop and return was also positively correlated with spider mass (R 2 = 0.04, n = 98, F = 2.2, p = 0.03).
DISCUSSION
Our study reveals that there are anomalies in the structure of the orb webs of Zygiella x-notata. All the spiders studied built webs with the global architecture of an orb-web and local imperfections in the radii and sticky spiral. As the spiders built their web in standardized frames and as they were checked just after the construction was completed, the anomalies could only be due to variations in behaviour during web building. The building of orb webs involves repetitive behaviours, which can be simulated by algorithms (Krink & Vollrath, 1997) . The anomalies in the sticky spiral described here are local and involve very few successive spiral units, and are possibly the consequence of "alterations" in the execution of repetitive behaviours (steps in the algorithms). The total number of anomalies in the sticky spiral varied from web to web with a low frequency of anomalies relatively to the number of spiral units. So, these anomalies could be the consequence of individual temporary variations in behaviours during web building.
All the anomalies were more numerous in the large webs. The increase is not directly proportional to web size as the number of anomalies increases more rapidly than the size of the webs. The number of anomalies in the sticky spiral is directly linked to the number of silk units that make up the final sticky spiral. It is not related to the physical characteristics of the spiders (mass and size), but to web characteristics (size of the capture area, length of silky thread deposited, inter-spiral distance). It is known that the web characteristics vary depending on the space available (Ades, 1986; Krink & Vollrath, 2000; Barrantes & Eberhard, 2012; previous prey capture (Lubin & Henschel, 1992; Henshel & Lubin, 1996; Pasquet et al., 1999) , prey size (Thevenard et al., 2004; Blackledge & Zevenbergen, 2006; Abrenicot-Adamat et al., 2009) , presence of conspecifics (Leborgne & Pasquet, 1986) , internal state of the spider (Venner et al., 2003) and experience Venner et al., 2000; Sensenig et al., 2010) , or stage of development of the spider (Eberhard, 2007 (Eberhard, , 2011 Hesselberg, 2010) . As the number of anomalies is linked to web characteristics, it might be affected by these different factors, but under controlled laboratory conditions, the influence of these environmental factors was reduced or negligible. Therefore, in this case, the number of anomalies is considered to be a characteristic of the spiders and independent of environmental factors.
The number of anomalies recorded in Zygiella webs was very low (less than 5% of the total sticky spiral units were affected). Under controlled conditions, our spiders made very few behavioural errors during web construction. This is a notable phenomenon, and raises the question: are these errors (leading to web anomalies) randomly distributed or more likely to occur in particular parts of webs, as it is known that the different parts of web involve different technics of construction.
The comparisons of the spiral units built at the beginning and end of the construction of webs revealed differences in types and number of anomalies (i.e. more threads stuck together and stop and return at the beginning than at the end). This does not indicate a shortage of silk. It is known that the amount of silk can be a limiting factor in web construction (Eberhard, 1988) and may affect the number of anomalies recorded at the beginning and end of web building. It does not support a tiredness hypothesis, as there are more errors at the beginning of the construction than at the end. Thus, these differences could be correlated with changes in web building behaviours.
As in many other orb web spiders, during the construction of the sticky spiral, Zygiella x-notata used the length of its forelegs (L1) to evaluate the distance between two radii. The building of the sticky spiral begins with the construction of the outermost part of the spiral and in this case the distance between two radii is larger than the length of the forelegs, so the spider has to move to the centre of the web to find the next radius (Vollrath, 1987; Eberhard, 2011; Foelix, 2011) . At the end of the construction of the sticky spiral when the spider is near the centre, the distance between two radii is small and the spider can locate directly the next radius with its forelegs. That is, between the beginning and end of the construction of the sticky spiral, spiders modify their silk laying behaviour and these changes in behaviour in spiral unit construction may differentially affect the probability of occurrence of anomalies.
The comparison of the incidence of anomalies in the upper and lower parts of webs also revealed that they are not equally distributed, as there are relatively more stop and return, non-parallel threads and discontinuities in the upper than lower parts of webs. This could indicate that anomalies occur during the different sequences of web building. When building its web, a spider has to change frequently the orientation of the axis of its body relative to the position (vertical or horizontal) of the deposited thread. Even if we had not observed the building behaviour of spiders during the construction of the different parts of webs, we know that during the laying of the spiral units, some behavioural errors may occur (Toscani et al., 2012) . By studying the building behaviour and recording the incidence of anomalies, such as two threads stuck together and non-parallel threads, this author found that these two behavioural errors were directly linked to the position of the fourth leg and of the abdomen. As the positions of the body of the spider were not the same when the spider deposited the spiral units in the different parts of webs, this could be the origin of behavioural errors that result in the anomalies.
Moreover, it is known that behavioural decisions may be influenced by both the position of the temporary nonsticky and sticky spirals, which involves short-term memory (Eberhard & Hesselberg, 2012) and could affect the final silky structure. In conclusion, some of the anomalies in orb webs observed in this study were probably the result of behavioural errors based on a poor use of local information (distance to the temporary spiral or to a previous junction with a radius).
Thus, anomalies in orb webs could be a good model for studying variations in behaviour induced either by environmental factors (changes in prey availability, presence of conspecifics, space) or internal factors (development, age, physiological state). For this we have to consider anomalies at two different levels, those anomalies (imperfections in the geometrical structure) that could be the result of behavioural decisions and those that could be the result of behavioural errors during web construction. In the first group, could be supernumerary radii or Y shaped radii, or stop and return. These anomalies could be seen as the result of voluntary acts of a spider carried out in order to increase the area of its web and could be used as index of the foraging behaviour of the spider. On the other hand, anomalies resulting from behavioural errors (i.e. Toscani et al., 2012) such as holes, discontinuities in the spiral threads, two or more spiral units stuck together, may indicate some neural dysfunction. For example, different studies showed that several substances (i.e. drugs, and pharmacological products) affect web building behaviour and might also affect the design of orb-webs Hesselberg & Vollrath, 2004) . If alteration in web construction behaviour affects the typical geometry of an orb web (Reed et al., 1970) , then the anomalies we observed in Zygiella webs could be similar to those attributed to the effect of drugs or pharmacological products (Hesselberg & Vollrath, 2004) or age (Anotaux et al., 2012) . We agree with these authors that the different substances or age affect behaviour through their action on the brain then the locomotory activity or coordination of spiders during web construction could be affected.
Thus, taking all these facts into consideration it is concluded that anomalies recorded in the web structure of orb-web spiders are likely to be the consequences of individual variations in behaviour. That is under controlled laboratory conditions in which the spiders did not suffer environmental constraints, and the variability in web design did not appear to be linked to web characteristics or a spider's state but more to errors in thread laying. These results suggest that studies of the anomalies in the sticky spiral could be a useful way to investigate the influence of CNS on the carrying out of a task that involves repetitive behaviours.
